The bond of reinforcing fiber-reinforced polymer (FRP) bars, strips, and sheets to concrete is a critical factor that controls the structural perfonnance of concrete members strengthened with FRP. To date, limited research has been reported on the bond behavior of near-surface-mounted (NSM) FRP reinforcement. Lack of experimental data, design tools, and analytical models addressing the bond characteristics of various FRP strengthening techniques introduce serious obstacles towards an efficient use of these materials. Debonding of the FRP reinforcement occurs in an abrupt manner. 1-6 Debonding failures are always brittle and are associated with a considerable reduction in the deformability of the strengthened member. Therefore, full understanding of the bond characteristics of the FRP reinforcement is crucial to the successful repair and strengthening of concrete structures.
INTRODUCTION
The bond of reinforcing fiber-reinforced polymer (FRP) bars, strips, and sheets to concrete is a critical factor that controls the structural perfonnance of concrete members strengthened with FRP. To date, limited research has been reported on the bond behavior of near-surface-mounted (NSM) FRP reinforcement. Lack of experimental data, design tools, and analytical models addressing the bond characteristics of various FRP strengthening techniques introduce serious obstacles towards an efficient use of these materials. Debonding of the FRP reinforcement occurs in an abrupt manner. [1] [2] [3] [4] [5] [6] Debonding failures are always brittle and are associated with a considerable reduction in the deformability of the strengthened member. Therefore, full understanding of the bond characteristics of the FRP reinforcement is crucial to the successful repair and strengthening of concrete structures.
The near-surface mounting technique becomes particularly attractive for flexural strengthening in the negative moment regions of slabs and girders, where externally bonded reinforcement could be subjected to severe damage due to mechanical and environmental conditions. The initial research work on the near-surface mounting technique was reported by Blaschko and Zilch 7 using carbon FRP (CFRP) strips inserted into grooves cut at the surface of concrete specimens. The specimens were tested in a double shear configuration. Test results showed that strengthening using NSM CFRP strips has a greater anchoring capacity 830 compared with externally bonded CFRP strips. De Lorenzis and Nanni 8 investigated the structural performance of simply supported reinforced concrete beams strengthened with ·NSM glass and CFRP rods. Both flexural and shear strengthening were examined. Hassan and Rizkalla 9 investigated the feasibility of using different strengthening techniques as well as different types of FRP for flexural strengthening of large-scale prestressed concrete specimens. The specimens represented typical prestressed concrete slab bridges. Test results showed that the use of NSM FRP bars is feasible and cost effective for strengthening concrete structures and bridges. Hassan and Rizkalla IO investigated the bond performance of concrete structures strengthened with NSM CFRP strips. A closed-form analytical solution was proposed to predict the interfacial shear stresses and the minimum anchorage length needed to effectively use NSM FRP strips. The model was validated by comparing the predicted values with test results as well as nonlinear finite element modelling. De Lorenzis and Nanni II examined the bond between NSM FRP bars and concrete by testing 22 unreinforced concrete beams having a span of 1067 mm and strengthened with NSM FRP bars. The influence of different parameters, including the bonded length, diameter of the bars, and type of FRP materials, were investigated. The effect of the internal steel reinforcement configuration on the bond behavior was not demonstrated because the tested specimens were unreinforced. Moreover, the influence of the size effect using small-size specimens on the bond behavior might be significant and was not included in their proposed model. Blaschkol2 introduced an analytical model for the bond of NSM CFRP strips. The model showed that the deformations in the concrete have a strong influence on the distribution of the bond stresses and therefore on the bond capacity. This paper presents design guidelines for an efficient use of NSM FRP bars through comprehensive experimental and analytical investigations. An analytical model is proposed to characterize the behavior of concrete structures strengthened with NSM FRP bars. Thc information presented in this paper is applicable to repair damaged or deteriorated concrete structures, to overcome design or structural deficiencies and increase the flexural capacity of structures to accommodate higher loads beyond the original design.
RESEARCH SIGNIFICANCE
Understanding of the fundamental behavior of NSM PRP reinforcement is essential for an effective use of this teclmique for strengthening of concretc structures and bridges. This paper focuses on the bond characteristics of NSM FRP bars to concrete. The study provides significant contribution to the current knowledge toward durable restorative procedures of concrete structures to prevent their replacement and to ensure public safety. The study offers quantitative information regarding debonding failures and emphasizes the influence of the configuration of the original steel reinforcement on the behavior. In principle, findings of this research will enable engineers to make more informative decisions regarding the repair and/or strengthening of flexural members and will assist in developing reliable design procedures for strengthening of concrete structures and bridges with NSM FRP reinforcement.
EXPERIMENTAL PROGRAM Test specimens
A total of eight simply supported T -beams with a span of 2.5 m and a depth of 300 mm were constructed. Shear reinforcement consisted of double-legged steel stirrups (10 mm in diameter), uniformly spaced at 100 mm. The top flange was reinforced with welded wire fabric rwWF) 51 x 51 MW5.6 x MW5.6. The top reinforcement consisted of two 10 mm-diameter steel bars. The bottom reinforcement consisted of two 10 mm-diameter steel bars running along the full length of the beam and two 15 mm-diameter steel bars placed at 100 mm from the midspan section oflhe beam on both sides, as shown in Fig. 1 .
This arrangement of the bottom reinforcement was selected to identify the location of flexural failure of the strengthened specimens. The yield strength and modulus of elasticity of the deformed steel bars were 400 MPa and 200 GPa, respectively, as reported by the manufacturer. The T -section configuration was selected to represent typical integrated beam slab construction and to avoid compression failure due to crushing of the concrete. Selection of the specimens' dimensions was fmaIized after testing six pilot specimens. The performance of two different epoxy adhesives used for bonding the bars to the sun-ounding concrete is investigated. The specimens were adequately designed to avoid concrete crushing and premature failure due to shear.
Strengthening procedures
One beam was tested as a control specimen, AO, while the other seven beams were strengthened with NSM CFRP bars. Based on tension tests, the bars have a modulus of elasticity of III GPa and an ultimate tensile strength of 1918 MPa. Three standard-size cylinders (150 mm in diameter and 300 mm in height) were tested according to the ASTM C 39.
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The average compressive strength of concrete after 28 days was 48 MPa. Each beam was strengthened using one 9.525 mm-diameter CFRP bar inserted into a groove cut at the bottom surface of the beam. A special concrete saw was used to cut the grooves at the bottom surface of the beam.
The groove dimensions were 18 mm wide by 30 mm deep.
The epoxy was pressure injected into the grooves to cover 213 of the groove height. The bars were placed in the grooves and gently pressed to displace the bonding agent as shown in Fig. 2 . The grooves were then filled completely with the epoxy. Quality control was achieved through continuous inspections during the installation procedures. Beams AI, A2, A3, and A4 were strengthened with NSM CFRP bars with embedment lengths of 150, 550, 800, and 1200 mm, respectively. These beams were tested using gel epoxy adhesive for bonding the bars to the surrounding concrete. The adhesive is commonly used as a mortar binder for vertical and overhead repairs of structural concrete. The adhesive has an average modulus of elasticity of 1200 MPa and an average tensile strength of 48 MPa as reported by the manufacturer. The embedment length L of the NSM CPRP bars was used on each side of the centerline of the specimen, as shown in Fig. 3 . To investigate the influence of the epoxy adhesive, Beams AS, A6, and A 7 were strengthened with NSM CFRP bars with embedment lengths of 550, 800, and 1200 mm, respectively, using epoxy adhesive. The adhesive is designed specifically for grouting bolts, dowels, and steel reinforcing bars in concrete. The adhesive has an average modulus of elasticity of 3000 MPa and an average tensile strength of 62 MPa, as reported by the manufacturer.
Test setup and instrumentation
The beams were tested under a concentrated load applied at midspan. A closed-loop MTS, 1000 kN testing machine was used to apply the load using the stroke control mode. The rate of loading was 1.0 mm/min up to yielding of the internal steel reinforcement, beyond which the rate was increased to 3.0 mm/min up to failure. The instrumentation used to monitor the behavior of the beams during testing is shown in Fig. 3 .
TEST RESULTS AND DISCUSSION
The load-deflection behavior of the tested specimens is shown in Fig. 4 adhesive had a negligible effect on the ultimate loadcarrying capacity of the strengthened beams. It should be emphasized that both adhesives were originally used for bonding steel bars to concrete. The observed mode of failure for all beams strengthened with NSM CFRP bars was due to splitting of the concrete surface at the concrete-epoxy interface. The observed mode of failure did not involve the internal steel reinforcement.
After debonding of the NSM CFRP bars, the beams behaved Table 1 ,
The maximum tensile stress in NSM CFRP bars at the onset of debonding, /PRP, increased by increasing the 
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. C refers to crushing of concrete and steel yielding.
to refers to deoonding ofCFRP bars. 
Note: L -bond length; P" = ultimate fai lure load; 6" -deflection at failure; tt1-maximum tensile strain in CFRP bars al debonding failure;fFRP _ maximum tensile stress in CFRP bars at debonding failure;!" = tensile strength of CFRP bars (1918 MPa); and 't,= average bond stress al failure.
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.; limiting stress value for NSM CFRP bars of 33% of the tensile strength. Test results in this paper showed that such a limiting value is highly depcndent on the configuration of the steel reinforcement inside the beam at the strengthened zone as wel1 as on the stress level at the concrete-epoxy interface as will be emphasized later in this paper. Test results demonstrated that rupture of NSM CFRP bars is not likely to occur regardless of the embedment length or the type of the epoxy adhesive used. Test results suggested that the development length for NSM CFRP bars with the given groo ve dimensions and material properties used in thi s '
program should not be less than 80 times the diameter of the bars.
Bond mechanisms
The slip of the NSM CFRP bars at the free end was measured, and the maximum bond stresses were calculated assuming a constant stress distribution along the embedment length. The measured average bond-free-end slip relationships for NSM CFRP bars, shown in by the lugs of the bars. At this stage, bearing stresses in concrete and epoxy are developed and induced transverse microcracks at the tips of the lugs allowing the bar to slip. Later in !his stage, a significant increase of the bearing forces accompanied by numerous internal cracks around the deformed CFRP bars took place causing debonding failure. Debonding could occur either at the FRP-epoxy interface or at the concrete-epoxy interface. 14 Figure 6 shows that the maximum measured slip at the free end of the NSM FRP bars having an embedment length of 550 mm (Beams A2 and A5) is far exceeding the free end slip values recommended by other researchers. 15 Increasing the embedment length from 550 mm to 800 mm in Beams A3 and A6 decreased the maximum measured free end slip by more than 50% and provided satisfactory slip values.
ANALYTICAL MODELING Significance of model
The proposed approach presents a general methodology to evaluate the development length of NSM FRP bars of different configurations and types of fibers. The model is based on equilibrium and displacement compatibility procedures using finite element analysis. The ACI approach used to evaluate the development length of steel bars was selected as a starting point for the proposed approach. The model accounts for distinct characteristics of concrete, epoxy and FRP materials. A design chart for calculating the development length of NSM FRP bars is proposed. The influence of various parameters, including the groove width, adhesive cover, and material properties, is discussed. 
Proposed approach
The philosophy of the proposed approach is to provide rules to preclude significant amounts of plasticity in the concrete and adhesive surrounding a NSM FRP bar. Within this range of response, detailed bond plasticity models are not essential, and an assumed constant bond stress distribution along the anchorage length is acceptable. In the proposed approach, transfer of stresses from a deformed NSM FRP rod to the concrete is assumed to be mainly through the mechanical interlocking of the lugs to the surrounding adhesive. Due to the shape of the lugs, the resultant force exerted by the lug to the adhesive is inclined by an angle ~ with respect to the axis of the bar as shown in Fig. 7 , where l/tan~ is the coefficient of friction ~ between the bar and the adhesive.
The radial component of the resultant force creates zones of high tensile stresses at the FRP-adhesive interface as well as at the concrete-adhesive interface. Thick-walled cylinder .theory has been applied by many researchers to analyze the stresses in a concrete cylinder surrounding a single bar. 16 -17 Lack of confinement, uneven distribution of bond stresses, edge effects, and composite interaction between concrete, adhesive, and FRP materials complicate the analysis ofNSM FRP bars. Consequently, thick-walled cylinder theory may not apply in !his case.
The proposed approach is based on two-dimensional finite element analysis to provide fundamental understanding of the bond characteristics and load transfer mechanism between NSM FRP bars and concrete. The finite element modeling described in thi s paper was conducted using ADINA (Version 7.4). Figure 8 shows the mesh dimensions used in modeling a portion of a concrete beam strengthened with a NSM FRP bar using epoxy as an adhesive. The concrete and the epoxy were modeled using eight-node plain sU'ain elements with a 3 x 3 Gauss integration scheme. Groove dimensions, bar location, and properties of concrete and epoxy were set identical to those used in the test specimens. Radial pressure was applied at the bar location to simulate the bond stresses transferred from the bar to the surrounding epoxy. The maximum tensile stress components in the two global orthogonal axes, Y-Y and Z-Z axes, are shown in Fig. 9 .
It should be noted that the elastic modulus of the adhesive is generally less than that of the concrete. Such a phenomenon results in a stress discontinuity at the concrete-epoxy interface as shown in Fig. 9 . High tensile stresses are observed at the concrete-epoxy interface as well as at the FRP-epoxy interface.
Two different types of debonding failures can occur for NSM FRP bars. The fIrst mode of failure is due to splitting of the epoxy cover as a result of high tensile stresses at the FRP-epoxy interface, and is termed "epoxy split failure." Increasing the thickness of the epoxy cover reduces the induced tensile stresses significantly. Furthermore, using
cracking through the epoxy cover. The second mode of failure is due to cracking of the concrete surrounding the epoxy adhesive and is termed "concrete split failure." This mode of failure takes place when the tensile stresses at the concrete-epoxy interface reach the tensile strength of the concrete. Widening the groove minimizes the induced tensile stresses at the concrete-epoxy interface and increases the debonding loads of NSM bars. Concrete split failure was the governing mode of failure for the test specimens reported in this investigation. Large epoxy cover and high tensile strength of the epoxy adhesive provided high resistance to epoxy split failure and shifted the failure to occur at the concrete-epoxy interface. 14 Flexural analysis indicates that the tensile stress along the length of the NSM CFRP bar increases linearly by moving away from the supports towards the applied load up to a certain zone close to the midspan section. Curtailment of the internal steel reinforcement near midspan changes the tensile force distribution in the NSM CFRP bar and increases the bond stress significantly at this zone, as will be illustrated by nonlinear finite element analysis later in this paper. Transfer of the tensile forces from the curtailed steel reinforcement to the continuous steel and CFRP bars is a complicated process that takes place over a certain zone and depends on the level of the tensile stresses in the continuous steel bars. The tensile strain distribution along the NSM CFRP bar is shown in Fig. 10 for BeainS A3 and A6. It is clear from Fig. 10 that the tensile strain distribution can be approximated to follow a linear distribution along the length of the NSM CFRP bar.
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Therefore, the tangential bond stress 1" can be estimated with an average value of The tensile stresses at the concrete-epoxy interface, a eon-epoxy' and at the FRP-epoxy interface, crFRP-epoxy' shown in Fig. 9 , can be expressed in terms ofthe radial stress as follows applied at the bar location and using specified groove dimensions, concrete, and adhesive properties. The maximum tensile stresses at the FRP-epoxy interface O"FRP-epoxy depends on the coefficients G 2 and Gl. , whichever is greater, as shown in Fig. 9 . Equating the tensile strength of concrete to Eq. (3), the minimum embedment length needed for NSM FRP bars to prevent concrete split failure can be expressed as (5) Equating the tensile strength of the adhesive to Eq. (4), the minimum embedment length needed for NSM FRP bars to avoid epoxy split failure shall not be less than (6) wherefet andfa are the tensile strength of concrete and adhesive, respectively. Increasing the stiffness of concrete by using high-strength concrete increases the tensile stresses at the concrete-epoxy interface. Furthennore, increasing the stiffness of the adhesive increases the tensile stresses at the FRPepoxy interface. The modular ratio n can be defined as (7) where Ee and Ea are the modulus of elasticity of concrete and adhesive, respectively. Practical values of the modular ratio n can vary between 5 and 40. This range covers various types of concrete and adhesives that are corrunonly used in concrete structures. Figure II shows a proposed design chart for the development length of NSM FRP bars. To simulate the most critical conditions for design purposes, the coeftlcient G I was evaluated for a modular ratio of 40, which represenl' the case of high-strength concrete and low-stiffness adhesive. The coefficients G 2 and Gl. were evaluated for a modular ratio of 5 to simulate cases of low-strength concrete and high-stiffness adhesive. The curves represent the greater of the two coefficients G 2 and Gl. . The chart covers a wide Gland the greater value of either G 2 or G z could be evaluated for a given groove width wand using a specified clear cover to bar diameter ratio (C/if), The governing development length for NSM FRP bars could be predicted using the greater ofEq, (5) and (6), The coefficient offriction between CFRP bars and different epoxy adhesives used in this study to bond the NSM bars to the concrete was determined according to the ASTM G 115_98 20 Smooth-and roughsurface topographies of the adhesives were tested, The rough-surface topography of the adhesives was accomplished by printing the lugs' pattern of the CFRP bars in the adhesive prior to hardening, Each set of tests were repeated 12 times. Test results showed that the average coefficients of friction between CFRP bars and adhesives of rough-and smoothsurface topographies were 0,66 and 0.33, respectively, with an average value of 0,5,
Verification of proposed model
Using the proposed design chart in Fig, 11 with a groove width equals to twice the diameter of the bar (w ; 2if), and a clear cover to bar diameter ratio of I (C/d; 1,0), the coefficients Gland the greater of G 2 and G z for the bond specimens reported in this investigation are 0,65 and LJ, respectively, The diameter of the bar is 9.525 mm, The average tensile strength of the concrete used in the test specimens is 4.3 MPa. Using Eq. (5) and (6), the minimum embedment length needed to develop 40% of the ultimate strength of the bars, as measured by the experimental program, shall not be less than 834 mm, which is consistent with the measured value of 800 mm, The limiting value of the 40% of the tensile strength of NSM CFRP bars can be predicted in light of the discussion provided later in this paper.
Comparison with ACI 440.1 R-01
The ACI 440,IR-01 21 suggests the following expression for the development length Ld to avoid splitting failures in concrete structures reinforced with FRP bars (8) where d is the diameter of the bar;J" is the tensile strength of the bar; and fd is the concrete compressive strength after 28 days, Using the stress limit of 40% of the tensile strength of the CFRP bars as observed by the experimental program, d; 9.525 mm,fJ ; 48 MPa, the embedment length needed to develop a stress of 40<;0 of the rupture strength of the CFRP bars according to Eq, (8) , is equal to 221 mm, This value is equivalent to 28% of the value measured when the same bars were used for strengthening the beam in a NSM configuration. The results suggest that the ACI expression is not adequate for NSM FRP bars, The significant discrepancy could be attributed to the following reasons:
I, The ACI expression is developed to characterize the bond of FRP bars to concrete, In NSM FRP bars, the bond is primarily governed by the surface characteristics of the adhesive, which is considerably smoother than concrete and requires longer development length to achieve the same bond stress compared with concrete;
2, The ACI expression assumes a coefficient of friction between FRP bars and concrete equal to LO, This value is typically used for steel bars bonded to concrete and has been confirmed by many researchers. 22 The coefficient of friction between FRP bars and epoxy is lower and ranges between 30 to 60% of the value used by ACL Consequently, longer development length is needed for NSM FRP bars;
3. The ACI expression is designed for concrete structures reinforced with FRP bars where large concrete covers are typically used, For NSM FRP bars, the thickness of the epoxy cover is greatly influenced by the location of the internal steel reinforcement. Therefore, the thickness of the epoxy covers are always limited, This type of configuration induces higher tensile stresses at both the concrete-epoxy and the FRP-epoxy interface and, consequently, requires longer development length; and 4, The ACI expression assumes full confinement of FRP bars by steel and/or FRP stirrups. Lack of such confinement in NSM FRP bars results in higher bond stresses and consequently, longer development length is needed, It can therefore be concluded that the C/d and the groove width w affect the development length for NSM FRP bars and should be considered in future design guidelines,
Influence of groove spacing, groove size, and edge distance
Closely spaced arrangement of NSM bars could magnify the tensile stresses at the concrete-epoxy interface and expedite concrete split failure. In this section, the finite element model was used to investigate the influence of clear groove spacing s as well as edge distance e on interfacial stresses.
The clear spacing between the grooves of NSM bars was varied from 0.25d to 2.0d, where d is the diameter of the bar, The groove width was also varied from L5d to 2,5d to examine its effect on the induced stresses.
The analysis indicates that the tensile stress at the concrete-epoxy interface is greatly influenced by the clear spacing between the grooves of NSM FRP bars. Increasing the clear groove spacing to bar diameter ratio reduces the tensile stress considerably up to a clear groove spacing of 2.0d, where d is the diameter of the bars. Increasing the clear groove spacing beyond this limit has a negligible effect on the induced tensile stresses, as shown in Fig. 12(a) . The limiting value of the clear spacing of 2d is independent on the groove width. The analysis indicates also that the clear spacing between the grooves of NSM bars has a negligible effect on the induced tensile stresses at the FRP-epoxy interface. These stresses are greatly influenced by the groove width rather than the clear spacing between the grooves. The analysis suggests that the minimum clear spacing between the grooves of NSM FRP bars should not be less that twice the diameter of the bars regardless of the groove width. Using a clear groove spacing to bar diameter ratio less than the proposed value results in overlapping of the tensile stresses at the concrete-epoxy interface and accelerates debonding failure.
To determine the minimum edge distance required for NSM FRP bars, the edge distance e was varied from 2d to 6d, where d is the diameter of the bar. The maximum tensile stress at the concrete-epoxy interface due to a unit radial pressure applied at the location of the FRP bars (coefficient G I ) is shown in Fig. 12(b) for various edge distances. In general, increasing the edge distance reduces the induced tensile stresses considerably regardless of the groove width. The analysis suggests a minimum edge distance of four times the diameter of the bars to minimize the edge effect and permit using the proposed design chart shown in Fig. II .
Maximum tensile stresses in NSM FRP bars (fFRP)
Test results showed that the maximum tensile stress in experimental results can be found elsewhere. 9 ,24 In the analysis, the embedment length of NSM CFRP bars was set to 550 mm to develop the maximum bond stresses as observed in the experimental program for Beams A2 and AS. Four different configurations for the bottom steel reinforcement were examined as shown in Fig. 13 . Using Eq. (I) and (5) and rearranging, the bond strength of NSM FRP bars 'max can be expressed as
fli"
t"max;;::: G 1 (9) where fl is the coefficient of friction between FRP bars and bonding adhesives;fct is the tensile strength of concrete; and G( is a coefficient determined using the proposed design chart given in Fig. II for specified groove dimensions.
Using an average coefficient of friction between CFRP bars and the adhesive of 0.5, tensile strength of concrete of 4.3 MPa and G 1 of 0.65 for the bond specimens reported in this investigation, the bond strength was calculated and is equal to 3.3 MPa, which is 10% higher than the measured value reported in Table I . Equation (9) was adopted in the finite element analysis as a criterion for debonding failure at the concrete-epoxy interface. The numerical simulations were conducted using a typical steel reinforcement ratio of flexural members of 1.0%. Typical interfacial shear stress distribution at failure is shown in Fig. 14 . In general, terminating bottom steel reinforcement at the maximum moment region creates zones of high bond stresses and therefore accelerates debonding failure. Equilibrium and compatibility provisions require full transmission of the tensile stresses in the terminated steel bars to neighboring steel and FRP bars. These tensile forces are distributed to the neighboring bars according to their axial stiffnesses and create additional bond stresses in the steel and FRP bars. Such a phenomenon becomes more severe after yielding of the main steel reinforcement. At this stage, NSM CFRP bars receive the full tensile stresses and extremely high bond stresses are developed resulting in splitting-type failures. Therefore, doubling the area of the main steel reinforcing bars has no effect on the maximum tensile stresses in NSM CFRPs bars at the onset of debonding. This behavior was confirmed through a set of numerical simulations using a steel reinforcement ratio of 2.0% at the midspan section.
The analysis indicated that terminating 10'10 of the main bottom steel reinforcement allowed the CFRP bars to use 60% of its tensile strength prior to debonding. It should be noted that terminating 50% or more of the main bottom steel reinforcement induces high bond stresses and limits the tensile stresses at the onset of debonding of NSM CFRP bars to 40'10 of the tensile strength of the bars. The results of the analysis coincided with the measured values in the experimental program.
Based on the reported experimental and analytical investigations, typical procedures to evaluate the development length of any configuration of NSM FRP bars can be summarized as follows:
1. Determine the material characteristics of FRP bars, concrete, and adhesive;
2. Determine the coefficient of friction between the FRP bar and the bonding adhesive according to the ASTM G 115_98 20 or based on information provided by the manufacturer; 838 3. Select groove dimensions, thickness of the clear epoxy cover, and use the proposed design chart given in Fig. II to  determine the coefficients G 1 and the 
CONCLUSIONS
Based on the findings of this investigation, the following conclusions can be drawn:
1. The use ofNSM CFRP bars is feasible and effective for strengthening/repair of concrete structures. The technique can be used to increase both stiffness and flexural strength of concrete beams;
2. The development length of NSM FRP reinforcement is highly dependent on the dimensions of the bars, concrete and adhesive properties, reinforcement configuration, and groove width. Consequently, complete evaluation of the existing structures is compulsory prior to any strengthening application;
3. Rupture of NSM CFRP bars is not likely to occur regardless of the embedment length used. The efficiency of using CFRP bars as NSM reinforcement is controlled primarily by the bond characteristics of the bars as well as by the bond between the adhesive material and the concrete;
4. The development length of NSM CFRP bars tested in this investigation should not be less than 80 times the diameter of the bars; 5. The maximum measured tensile str,un in the CFRP bars at failure is in the range of 40 to 45% of the rupture strain of bars, regardless of the embedment length used. Such a limiting value is highly dependent on the configuration of the bottom steel reinforcement inside the beam as well as on the stress level at the concrete-epoxy interface;
6. The proposed design chart is adequate to determine the development length of NSM FRP bars accurately. The chart is easy to use and provides excellent correlation to experimental results; 7. Two different types of debonding failures can occur for NSM FRP bars. The first mode of failure is due to splitting of the epoxy cover as a result of high tensile stresses at the FRP-epoxy interface, and is termed "epoxy split failure." The second mode of failure is due to cracking of the concrete surrounding the epoxy adhesive and is termed "concrete split failure" ; 8. Increasing the groove width and/or using high-strength concrete increases the resistance to concrete split failure. Using high-strength adhesives and/or increasing the epoxy cover layer delays epoxy split failure for NSM FRP bars; 9. The proposed minimum clear spacing between the grooves of NSM FRP bars is twice the diameter of the bars, regardless of the groove width. A minimum edge distance of four times the diameter of the bars is recommended to diminish edge effect for NSM FRP bars; and 10. Termination or damage of the internal steel reinforcement creates zones of high bond stresses and accelerates debonding failure. Increasing the reinforcement ratio of the terminated and/or damaged steel reinforcement results in a proportional increase in the bond stress and a corresponding decrease in debonding loads. 
NOTATION
adhesive cover diametcr of NSM FRP bar modulus of elasticity of adhesive modulus of elasticity of concrete edge distance for NSM FRP bars tensile strcngth of adhesive tensile sl.rength of concrete maximum tensile strcss in NSM FRP bars at onset of debonding tensile strength of CFRP bars coefficients for NSM FRP bars development length of NSM CPRP bars modular ratio failure load clear spacing between grooves groove width angle of inclination of bond stresses to bar axis slip at free end deflection at midspan section at failure maximum tensile strain of CFRP reinforc ement at debonding failure coefficient of friction between NSM FRP bars and adhesives tensile stress at concrete-epoxy interface tensile stress at FRP-epoxy interface radial stress on NSM FRP bar average bond stress average bond stress at failure bond sl.rength
